shock and lack of a recovery incubation period "select" for ligated IPCRM-generated DNA and intact plasmid template DNA over damaged plasmid template DNA, which could be repaired during growth in the recovery period when antibiotic selection is absent.
shock and lack of a recovery incubation period "select" for ligated IPCRM-generated DNA and intact plasmid template DNA over damaged plasmid template DNA, which could be repaired during growth in the recovery period when antibiotic selection is absent.
In summary, we have reported improvements in the IPCRM protocol for the engineering of defined deletions in cloned DNA. The method's versatility has been shown by its application in a range of projects to mutate genes by allelic replacement. Initial reports on IPCRM were to engineer a defined deletion in gene fragments <500 bp cloned in pUC18. Further studies have required that the length of DNA flanking the deletion be increased, particularly when a selectable marker has been incorporated, to achieve successful allelic replacement. So far, IPCRM amplification has been successful with cloned DNA up to 2.7 kb in pUC18 (total size is approximately 5.5 kb) with the same PCR conditions (4) but increasing the elongation time at 72°C to 1 min for every 1.5 kb of DNA to amplify. Sequencing of the mutated gene fragment produced by IPCRM may be necessary because PCR products can contain errors. Recently the Haemophilus influenzaegenome has been sequenced using a bank of randomly generated 1.6-to 2.0-kb fragments of genomic DNA cloned into pUC18 (2) . This bank of clones should provide ideal templates for IPCRM allowing the rapid and systematic mutation and characterization of H. influenzae genes, using allelic replacement. With the imminent sequencing of further bacterial genomes from pUC libraries with small inserts, IPCRM should be the ideal mutagenesis strategy for the functional characterization of bacterial genes. Expanded CAG repeats have been associated with several human genetic disorders including spinal and bulbar muscular atrophy, spinocerebellar ataxia type 1, Huntington's disease, dentatorubral-pallidoluysian atrophy and Machado-Joseph disease (5, (7) (8) (9) (10) (11) . Experiments depending on DNA constructs containing long repeats have been hampered by their instability in bacteria. This instability makes it difficult to isolate CAG repeats to use as starting material for further cloning, and it makes each cloning step more difficult. We describe here a simple method to accurately synthesize long CAG repeats and procedures to propagate vectors that carry these repeats.
The synthesis is based on polymerase chain reaction (PCR). However, unlike conventional PCR, the reaction contains (CAG) 20 and (CTG) 20 oligonucleotides that serve as both primer and template in extension reactions. These complimentary repeats can base pair with differing degrees of overlap. Those pairings with a 5 ′ overhang will provide template for extension by DNA polymerase. Therefore, during each PCR cycle, the average length of the population of oligonucleotides should be increased. This type of PCR has been previously used to produce repetitive sequence DNA probes (3, 4) . We have extended this method so that the trinucleotide repeat fragments obtained can be successfully cloned.
Each 50-µ L repeat synthesis reaction consisted of the following: 1 µ g (CAG) 20 Louis, MO, USA) and 0.1 U PfuDNA Polymerase (Stratagene, La Jolla, CA, USA) (1). Reactions were incubated 1 min at 94°C before the addition of the polymerases, and each PCR cycle was 92°C for 30 s, 65°C for 30 s and 75°C for 1.5 min (cycles 1-5), 2.5 min (cycles 6-10), 3.5 min (cycle 11-15) and 5 min (cycles 16-19). The extension step of cycle 20 included the addition of 5 U of Klentaq 1 and a 9-min incubation at 75°C. Aliquots of this reaction were analyzed after different numbers of cycles by agarose gel electrophoresis. Figure 1 shows
To further analyze the product of this reaction, repeat fragments ranging in size from 0.5-2.0 kb were isolated from agarose gel slice, modified, cloned and sequenced. 
Benchmark s
tions included mung bean nuclease treatment to remove nucleotides, which are occasionally added to the 3 ′ ends of some PCR products (2), and a polynucleotide kinase reaction to add 5 ′ phosphates. The repeats were blunt-end ligated into a Pml I restriction site of a plasmid containing a region of the mouse Hprt gene. The Pml I site was created by ligation of a synthetic linker fragment into an Xho I restriction site in exon 3 of the Hprt gene. Transformation of STBL 2 ™cells (Life Technologies, Gaithersburg, MD, USA) by the manufacturer's protocol yielded a collection of colonies that were screened by in situ colony hybridization. The probe used for the colony hybridizations was a pool of CAG repeats of varying size made as described above labeled with the Random Primed DNA Labeling Kit (Boehringer Mannheim, Mannheim, Germany). Positive colonies were resuspended in 0.1 mL of LB, vortex mixed and spread evenly on a 100-mm Petri dish containing LB agar and 0.1 mg/mL ampicillin (Sigma Chemical, St. Louis, MO, USA). Plates were incubated overnight at 30°C. Cells were harvested by adding 3 mL of LB and shaking the plate vigorously for 1 h followed by scraping with a rubber policeman. DNA was isolated from the cells by a standard alkaline lysis procedure. DNA from two primary clones was analyzed by restriction digestion and agarose gel electrophoresis. One culture, pJOH10, contained cells with an approximately 400-bp repeat, while the other, pJOH4, contained three species with repeat lengths of approximately 150, 400 and 800 bp (Figure 2 , lanes 3 and 6, respectively).
The variety of repeat lengths within a population of cells from a single colony may be due to the instability of these repeats in E. coli (6) . We have found that single colony isolates from a culture with a variety of repeat sizes can give rise to mixed cultures with (Figure 2, lanes 4 and  7) . Also, single colony isolates from a culture with a single repeat size can give rise to cultures containing repeat lengths larger than the original repeat (Figure 2, lane 5) . Therefore, the repeats are unstable to a certain degree. We have found that repeats of less than 700 bp are generally stable since subcloning generally results in repeats of the same size. Very few of the large repeat-containing subclones show stability. We have, however, been able to prepare microgram quantities of DNA isolated from a subclone containing a repeat of 1000 bp. DNA from a long repeat (>700 bp) can therefore be isolated from some of the subclones, but not others.
The CAG repeats of the two original colonies obtained by this method were further analyzed by sequencing with primers that flanked the repeat. The ligation junctions of both clones were correct. We were able to sequence 150 bp into the repeat from each ligation junction, and no mistakes were found. Sequencing of the two additional colonies derived from pJOH10 revealed that the repeat expansion did not disturb the ligation junctions or the integrity of the repeat itself. The sequencing data, together with the ability to isolate clones containing a single repeat length from a primary colony with mixed repeat lengths, suggest that the variety of lengths found in a mixed colony is due to changes in the number of CAGs in each repeat rather than simple rearrangements within the plasmid. Including constructs not described here, approximately 2 kb of CAG repeats made by this method have been sequenced. Only one mistake in the repeat has been detected. This level of mis-incorporation is lower than typical PCRs, which result in approximately one error per 300 bp (12) . This discrepancy may be due to the proofreading activity of the Pfupolymerase, which has been shown to reduce mis-incorporations in PCRs by a factor of 13 under conditions similar to those used here (1) .
We have developed a technique to synthesize long CAG repeats suitable for ligation into DNA vectors. For aims not described here, we added the repeats to a convenient restriction site in the mouse Hprt gene. A restriction site, added to the repeat region of a human disease gene by in vitro mutagenesis, should allow the construction of mutant alleles with long and variable CAG repeats. Such constructs may help in efforts to understand the role of expanded repeats in human disorders.
